The Radiation Assessment Detector (RAD), onboard the Mars Science Laboratory (MSL) rover Curiosity, has been measuring the energetic charged and neutral particles and the radiation dose rate on the surface of Mars since the landing of the rover in August 2012. In contrast to charged particles, neutral particles (neutrons and γ-rays) are measured indirectly: the energy deposition spectra produced by neutral particles are complex convolutions of the incident particle spectra with the detector response functions. An inversion technique has been developed and applied to jointly unfold the deposited energy spectra measured in two scintillators of different types (CsI for high γ detection efficiency, and plastic for neutrons) to obtain the neutron and γ-ray spectra. This result is important for determining the biological impact of the Martian surface radiation contributed by neutrons, which interact with materials differently from the charged particles. These first in-situ measurements on Mars provide (1) an important reference for assessing the radiation-associated health risks for future manned missions to the red planet and (2) an experimental input for validating the particle transport codes used to model the radiation environments within spacecraft or on the surface of planets. Here we present neutral particle spectra as well as the corresponding dose and dose equivalent rates derived from RAD measurement during a period (November 15, 2015 to January 15, 2016) for which the surface particle spectra have been simulated via different transport models.
Motivation
The assessment of the radiation environment on and near the surface of Mars is necessary and fundamental for (1) understanding the risks of radiationinduced biological damage in order to ensure the safety of future manned missions to Mars [1] and (2) evaluating the impact of radiation on the preservation of organic bio-signatures [e.g., 2]. Mars lacks a global magnetosphere, but the atmosphere modifies the spectra of energetic particles -galactic cosmic rays (GCRs) and solar energetic particles (SEPs) -that arrive at the top of the atmosphere. These particles may create secondary particles via nuclear interactions (spallation and fragmentation) with nuclei in the atmosphere; secondaries may further interact while traversing the atmosphere. The end result is a very complex radiation environment on the surface of Mars [e.g., 3] . Particles reaching the Martian surface may also interact in the regolith and, among other outcomes, produce "albedo" particles, including neutrons. Details of the neutron spectra provide information about subsurface hydrogen content, as demonstrated by orbital measurements [e.g., 4, 5] . Unlike charged particles, neutrons do not undergo ionization energy loss and penetrate through matter easily; they are of considerable concern from the perspective of radiation protection, particularly those in the "fast" energy range on the order of MeV, where their biological weighting factors are large [6] . [7] . RAD consists of three silicon detectors (A, B, C, each having the thickness of 300 µm), a caesium iodide scintillator (D with a height of 28 mm) and a plastic scintillator (E with a height of 18 mm). Both scintillators are surrounded by a plastic anticoincidence (F). For detecting charged particles (blue), A, B, C, D and E are used as a telescope. Neutral particles (both neutrons and gammas, green) are detected in D and E using C and F as anticoincidence.
Introduction to MSL/RAD
The first-ever measurement on the surface of Mars of both charged [8] and neutral [9] particles as well as the radiation dose rate [10] has been carried out by the Radiation Assessment Detector (RAD) [11] onboard the Mars Science Laboratory (MSL) [12] rover Curiosity. A schematic view of the RAD instrument is shown in Fig. 1 and a detailed description of the RAD instrument and its scientific objectives can be found in [11] . Since the landing of Curiosity on 6 August 2012, RAD has been providing a nearly-continuous set of measurements from the Martian surface, typically operating in a 16 minute observation cadence. The surface radiation has been found to undergo diurnal variations due to the atmospheric thermal tide [13] . Also, the seasonal CO 2 condensation cycle leads to a seasonal 1 variation of the atmospheric column depth above RAD, which also affects the surface radiation [14] . These are relatively small effects; the solar modulation of primary GCRs has a much stronger effect on the dose rate variations [14] .
RAD contains two scintillators (detector D, made of CsI, and detector E, made of plastic) which are embedded within other plastic scintillators and covered by silicon detectors above. The detectors surrounding D and E are used to define anticoincidence logic, allowing for the measurement of neutral particles in conjunction with charged particle measurements. The spectra of charged particles, especially the ones which lose all their energy within the detector sets and are called "stopping particles" (5-100 MeV/nuc for 1 H and 4 He), can be measured directly [8] , but the spectra of neutral particles can not be obtained in a straightforward way, since they have a high probability to either pass through the neutral-particle detectors or deposit only a fraction of their energies [15] . Although the high-energy neutrons and γ-rays that RAD measures are not distinguishable from one another on an event-by-event basis, the energy spectra of the two particle types have been successfully reconstructed on a statistical basis [9] . In that work, the neutral spectra for the first 195 sols (2012-08-06 to 2013-02-21) were obtained using an inversion technique which relies on the modeled detector response function (DRF). In this study, we carry out a very similar inversion approach and apply it to the more recent data from 2015-11-15 until 2016-01-15. In the interim between these measurement periods, several improvements were made to the operating configuration of the instrument:
• We now use the onboard neutral histograms based on updated calibration parameters [16] and anticoincidence cuts. The earlier analysis relied on a very small subset of event records (pulse height analyzed events, referred to as PHAs) that were telemetered to Earth.
• Use of the onboard histograms means it is no longer necessary to apply a large scale factor, which was not fully-understood at the time of the original analysis. The scale factor is, in essence, the ( 1% or less) efficiency for telemetering a neutral-particle event. The onboard histograms provide much better counting statistics compared to the PHA data.
• The onboard thresholds for the anticoincidence channels F1 and F2 have been carefully adjusted to lie at the center of the noise distributions; this reduces detection efficiency by a well-understood factor of 4 compared to 1 1 Martian year ≈ 668 sols; 1 sol = 1 Mars day ≈ 1.03 earth day the ideal case, but yields a very clean event sample free from chargedparticle contamination.
• We have accounted for calibration uncertainties in the onboard energy histogram, and we adopt a set of new DRFs which are built with these uncertainties included.
The neutral-particle triggers require that two (of three) photodiodes used to collect scintillation light record a signal above threshold; to first order, this eliminates background from events in which a γ-ray deposits some or all of its energy directly in a single photodiode. Nonetheless, the trigger scheme and onboard analysis are susceptible to overestimating the energy deposited if a γ-ray deposits energy directly in one of the photodiodes in coincidence with a neutral particle that deposits energy in D and/or E. This affects about 2.4% of events detected in E and about 0.5% of events detected in D. The neutral spectra obtained from data collected in this period are compared with simulated results based on different transport codes (Matthiä et al this issue). Because they are all secondary particles, neutral particle spectra allow for detailed comparisons of the radiation transport models that are vitally important for planning future exploration missions.
The instrument response function
As shown in Fig. 1 , RAD consists of three silicon detectors (A, B, C), a cesium iodide scintillator (D), and a plastic scintillator (E) and both scintillators are surrounded by a plastic anticoincidence (F). For detecting downward-going charged particles, A, B, C, D, and E are used as a telescope. Neutral particles including γ-rays and neutrons are detected in D and E using the surrounding detectors C and F to veto any charged particles entering the scintillators. Our anticoincidence logic (AC) is defined as a hit in D and/or E with no hits above threshold in C or F. When a neutral particle is detected by the scintillators, the deposited energy cannot be easily related to the energy of the incident particle, but rather can range from zero up to the full energy of the particle. That is, the neutral particle spectra in D and E do not directly reflect the incident γ-ray and neutron spectra.
The detector response function (DRF) represents the probability of the deposited energy distribution (measured histogram) to be produced by a neutral particle with a particular incident energy. The DRF has been constructed by [15, 9] using GEANT4 simulations [17] and is shown in Fig. 2 . The simulation is based on a detailed model of instrument and includes effects such as electronic and optical noise in D, E, and F. A total of 10 8 particles (gammas or neutrons) with isotropically distributed incident directions were used in the GEANT4 simulation and the energy deposit in different RAD detectors was recorded for each incident particle. In reality, the neutron flux seen by RAD is likely anisotropic (which could also be energy-dependent) since (1) the Martian surface upward albedo spectra are different from the downward spectra as they are generated The DRF for detecting γ-rays and neutrons with detectors D and E. The x-axes show the energy of the incoming particles, the y axes show the measured energy in D (top) and E (bottom). The color denotes the detector response (cm 2 MeV) for an incoming particle with a given energy in a certain measurement channel. The DRF shown here contains 42x32 bins, i.e., 16 bins each for the γ-ray and neutron spectra, and 42 bins for the D and E measurement data.
differently in the soil [19] and (2) the upward flux is further modified as going through the rover body. Different directionality of the incident flux based on model predictions could be potentially employed for the simulations and the constructions of the DRF. However we would like to minimize the influence of models on our measurement-based inversion process, we do not pursue further of the dependence of the DRF on the field directionality.
The unit of the DRF comes from the GEANT4 simulation setups. Specifically, a number of particles within certain energy range (x-axes in Fig. 2 ) is fed into the simulation and the output detected energy histogram has the unit of counts cm 2 MeV which accounts for not just the production probability but also the detection area and the chosen energy range of the simulation input. We normalize the histogram by dividing it by the number of input particles so that it has the unit of counts/particle cm 2 MeV as shown in y-axes of the DRF. The energy range of the incident spectra (x axes) was 6-1000 MeV for both γ-rays and neutrons. Minimum energies were selected so that a significant fraction of γ-rays and neutrons would create energy deposits above the detec-tion thresholds. Lower-energy neutral particles escape detection by RAD. A maximum energy of 1000 MeV is selected; this is somewhat arbitrary, but the expected neutral particle spectra decreases rapidly at such high energy (since the spectrum roughly follows a power-law shape), and detection efficiency falls with increasing energy (due to the increasing probability that a recoil proton or Compton electron escapes D or E and deposits significant energy in C or F). Of course, particles with energies above this range (e.g., a 2 GeV neutron) can create, e.g., a 50 MeV energy deposit in E without causing a hit in the AC. This is not simulated/included in our DRF, but is still expected from measurement although with much lower (a few orders of magnitude) probabilities. The energy range of the deposited energy histogram (y axes in Fig. 2 ) was 16-442 MeV for D and 5-221 MeV for E. The lower limit of the energy range is restricted in order to avoid the contamination of the spectra by γ-rays produced by Curiosity's radioisotope thermoelectric generator. The upper limit is above the maximum energy deposit found in the calibration and simulations.
This DRF is a combined matrix A with 4 sub-matrices: A D,γ (upper left of the figure), A E,γ (lower left), A D,n (upper right), and A E,n (lower right). Assuming the spectra of the incoming neutral particles are f γ and f n for γ-rays and neutrons respectively, the expected measured histogram in D would be a combination of histograms induced by both γ-rays and neutrons as :
Similarly, the expected measured histogram in E is :
Directly solving the above equations is challenging due to the ill-posed nature of the inversion problem. A DRF matrix in general may be noninvertible, and in any case inversion yields non-unique results that tend to have large, negative bin-to-bin correlations. A minimization method is preferable, and can be applied with the following physically-reasonable constraints: (1) both f γ and f n larger than zero in each bin; (2) the flux ratio for adjacent energy bins must not be larger than 10 or less than 0.1. The minimization function based on a Gaussian statistics of measurement is :
where z i is the measurement in each bin and σ i is the standard error of the measurement.
Measured neutral histograms
Previously in the work of [9] , the PHA data were used to construct histograms of energy deposited in D and E. Each telemetered event was assigned a weight according to its storage priority, a value which is assigned in the onboard event processing, and which ranges from 0 to 3. Neutral particle events were (and continue to be) assigned priority 0 in almost all cases. Only a very small subset of priority-0 PHA events is sent back to Earth, whereas nearly 100% of higher-priority events are telemetered. The weighting factor for each priority bin was determined by the ratio of the number of events in that bin (as recorded in the onboard software) to the number actually telemetered. Subsequent to publication of [9] , it was discovered that the count kept onboard included a category of events that should have been excluded, and that our priority-0 weighting factor was overestimated by roughly a factor of two. The events that should have been excluded are "no-readout" events in which a fast trigger is caused by a direct γ-ray hit in a photodiode, but there is no energy deposit in the scintillators. We have now implemented a counter which keeps track of such events.
In the current study, we use the onboard stored and telemetered neutralparticle histograms. Events triggered in D and/or E without creating signals above threshold in the AC are registered as neutral events and stored in the neutral histogram. These histograms are stored once per observation, which is typically 16 minutes in duration. The neutral histograms of both D and E measured from 2015-11-15 to 2016-01-15 over 60 sols (4582683 seconds of integrated observation time) are shown in Fig. 3 in red. The error bars shown include not only the counting statistics but also the uncertainties (larger in comparison) of the energy scales in D and E. The non-linearity of light output from the scintillators D and E has been discussed in detail in [16] , where new calibration parameters of the detectors suggest that the energy measured in both scintillators has an uncertainty of about 10%. The calibration uncertainty cannot be accounted for simply by adding a 10% error bar in each bin of the onboard histogram; rather we 'reshuffled' the histogram along the energy axis, giving each count a 10% uncertainty in its energy. This yields conservative estimates of the errors in each bin.
The error bars of the last three bins of each D and E histogram were further enlarged to account for another issue that arises in the inversion process. This issue, referred to as the overflow problem, is caused by particles with incident energies larger than 1 GeV which were not considered in the simulations used to build the DRF. Such particles, although expected to have much lower fluxes than the simulated particles, still contribute to our measured histograms, especially in the highest deposited energy bins. As they are excluded from the DRF as well from the inverted spectra, their contamination of the measured histogram should also be minimized, and we force this by reducing the weights of the last three bins (with large σ i ) 2 in the minimization process shown in Eq. 3. Based on the DRF matrix A, the measured histogram z, and its error, we can minimize the function in Eq. 3 with given physical constrains to obtain the optimized particle spectra f γ and f n . We have found that the inverted results are very sensitive to (a) the initial guesses and (b) the uncertainty in the measured histogram.
Inverted γ-ray and neutron spectra
To address point (a), we use a large set of initial guesses to ensure that the inversion yields a result close to the global minimum rather than a local minimum. The result with the smallest error value is then used as the most likely result [15] . Initial guesses of both the neutron and γ-ray spectra have power law shapes with spectral indices in a range of 1.1-1.9 for γ-rays and 0.5-1.2 for neutrons [9] .
To address point (b), in addition to using the "reshuffled" histogram, we have also reconstructed several new DRFs in such a way that the deposited energy in each bin is also re-distributed with a 10% random error. Each of the DRF is also used for the inversion. The final error of the inverted spectra was determined via a bootstrap Monte Carlo approach [18] where results from different initial guesses and different DRFs were accounted for.
Power-law inversion
In the relevant energy range, the gamma and neutron spectra can be approximated by power laws as indicated by modeled results [e.g., 19] with the following form:
where I n/γ is the spectral intensity for neutral/γ-ray spectra scaled at 1 MeV and S n/γ is the spectral index. The inversion of a two-parameter power-law is much faster than a full inversion in which each bin of the spectra f i is a free parameter during the optimization process. Figure 4 shows the γ-ray (left) and neutron (right) spectra from power law inversion in blue. The shaded range marks the error range of the results based on boot-strap Monte Carlo simulations with statistic and calibration error as well as different initial guesses all accounted for. The averaged power-law spectral indices are:
I γ = 0.39 ± 0.07 /(cm 2 s MeV) S γ = -1.42 ± 0.05 I n = 0.05 ± 0.01 /(cm 2 s MeV) S n = -0.85 ± 0.03. The slopes of the above spectra agree very well with previous results by [9] where S n = 0.72 ± 0.07 and S γ = 1.43 ± 0.1. However the spectral intensities for both types of particles are smaller than in the previous results. That is, the newly obtained spectra have similar shapes to those found previously, but are significantly lower in their intensities. Both the solar modulation and the atmospheric pressure conditions are very comparable for the two measurement periods. The analysis based on histograms constructed from the PHA data (as carried out in [9] ) was repeated for this period, and results are in good agreement with results obtained using the onboard histograms. Therefore the discrepancy is almost certainly due to the priority-0 weighting problem described above.
Full inversion
We have also carried out the full inversion considering the flux in each bin f i as an unknown parameter when optimizing Eq .3. Again, different DRFs were considered and for each DRF a large set of the initial guesses based on power law spectra was tried. Figure 4 also shows full inversion results of the γ-ray (left) and neutron (right) spectra in green. As explained above, the measurements also contain particles from energies above 1 GeV which appear mainly in the last bins as overflow bins and this is visible in both the γ-ray and neutron spectra (only last bin). In other energy ranges, the power-law inverted spectra and fully inverted spectra agree reasonably well, especially for the γ-ray spectra. A small bump is visible in the neutron spectra at ∼ 15 MeV, as well as a dip at ∼ 500 MeV; these features are also visible in modeling results [e.g, 19] . Detailed discussions of the inverted spectra as compared with models will be presented in Matthiä et al (this issue).
In considering the accuracy of the results, it is important to realize that representing the spectra with power laws may be a fairly crude approximation; on the other hand, the bin-by-bin inverted spectra is more affected by the overflow issue. Therefore we combined the results of these two methods into the final spectra as shown in Fig. 4 in red. The error bars include all the uncertainties based on boot strap Monte Carlo simulations and propagated through the analysis. Based on the final inverted neutron spectrum, we calculated the dose and dose equivalent of particles within this energy range (7-740 MeV) using United States Nuclear Regulatory Commission [2009] (https://www.nrc.gov/readingrm/doc-collections/cfr/part020/full-text.html) where the values of the quality factor and the conversion (fluence per unit dose equivalent) factor are calibrated using a 30-cm diameter cylinder tissue-equivalent phantom. The procedure is as follows: apply the above conversion factor to the neutron fluence bin-by-bin to get the dose equivalent histogram; each dose equivalent value is then divided by the energy-dependent quality factor to obtain a dose histogram; the histograms are finally integrated to get the total dose and dose equivalent. The results are shown in Table 1 , where the averaged total dose rate measured by RAD during this time period is also shown. Dose and dose equivalent rates derived from power law inversion, full bin-wise inversion, and the final averaged are shown in the first three rows.
Neutron dose and dose equivalent rate
It shows that the dose rate result obtained with power law inversion is, within error bars, mostly consistent with but slightly higher than that from full inversion. This is probably due to the dips of the full inverted spectra between ∼ 17 and ∼ 50 MeV, a range where the neutron radiaiton weighting factor is high. The last row of the table shows the averaged dose and dose equivalent rates measured by the plastic scintillator E during this period. The 7-740 MeV neutron contributed dose rate is about 2.2% of the total dose rate; neutron contributed dose equivalent rate is about 3.8% of the total dose equivalent rate. These values are smaller compared to those obtained by [9] , likely due to the newly updated histogram [16] as discussed earlier.
A simple independent check of neutral-particle dose rates has been obtained directly from the neutral-particle histograms. Treating D and E separately, the onboard deposited energy histograms were used to determine the total energy deposition in each detector during the measurement period. These were then converted from units of MeV to Joules and divided by the total data acquisition time and appropriate mass to get the uncorrected dose rate in each detector. These results were multiplied by a factor of 4 to account for the AC efficiency described above (trigger thresholds at the centers of the noise distributions). The D neutral dose rate obtained by this method was 7.5 µGy/day, and the E neutral dose rate was 5.9 µGy/day; there may be small contributions to both of these rates from the radioisotope thermo-electric generator (RTG), but they are assumed to be negligible since the large majority of the RTG γ-ray flux is below the detection thresholds which are ∼ 7 MeV in D and ∼ 3.5 MeV in E. Since this simple method inherently incorporates both neutron and γ-ray doses, and given the high efficiency of D for detecting γ-rays, it is not surprising that the D dose rate is larger than that in E. Based on the cumulative energy deposited distributions and spectra presented in [9] , we estimate that roughly 25% of the dose rate in D is due to neutrons (in particular those with E ≥ 50 MeV), and that about 90% of the dose in E is due to neutrons. Adding the two results gives 6.7 µGy/day, though we expect this is a slight overestimate due to double-counting. Even so, the estimate is in line with the neutron dose rate found by the inversion methods above.
Discussion and Conclusion
We have used an inversion method following [9] to determine the Martian gamma and neutron spectra from the MSL/RAD neutral particle measurements from 2015-11-15 to 2016-01-15. The gamma and neutron spectra were obtained by two variations on the inversion method, one using power law spectra and the other a bin-wise full inversion. Within the estimated errors, the results obtained by the two inversion methods agree reasonably well with each other. The spectral shapes found here agree very well with previous results [9] , but the intensities of both the neutron/γ-ray spectra are smaller compared to earlier results obtained during very similar solar modulation and atmospheric conditions. The disparity is attributable to the improved methodologies employed in this analysis especially the usage of the onboard histograms which have been better calibrated without priority-0 weighting problems.
The neutron dose rate and the dose equivalent over the inverted energy range were calculated for the two inversion methods and compared to the average plastic dose rate measured by RAD on the surface of Mars during this period. The 7-740 MeV neutron contributed dose rate is only about 2.2% of the total dose rate while the corresponding dose equivalent rate is about 3.8% of the total dose equivalent rate. Based on the power law results, we extrapolate our inverted neutron spectra to 1-1000 MeV range and calculated the dose and dose equivalent to be 6.76 µGy/day and 31.24 µSv/day, corresponding to ∼ 3% of the total dose rate and ∼ 5% of the charged-particle dose equivalent rate.
Since neutrons and γ-rays on the Martian surface are all secondary particles, the neutral spectra inverted here are unique experimental data for verifying the particle transport models which are vitally important for planning future exploration missions. This comparison is carried out by Matthiä et al in this issue.
Appendix
In order to facilitate the usage of the neutral spectra presented in Fig. 4 , we have listed the values of the spectra in Table 2 . Table 2 : Inverted γ and neutron spectra as well as their uncertainties shown in Fig. 4 (red 
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